a r t I C l e S
The cerebral cortex emerges as a result of coordinated unfolding of radial progenitor formation, neurogenesis, neuronal migration, postmigratory neuronal differentiation and connectivity. The formation of polarized radial glia is the first step in the construction of cerebral cortex 1 . Once formed, polarized radial glial cells can divide either symmetrically or asymmetrically. Symmetric radial glial divisions occur primarily during the early stages of cortical development to expand the radial glial population. Asymmetric divisions of radial glia result in a daughter neuron and either a radial glial cell or an intermediate precursor. Temporal regulation of the ratio of asymmetric to symmetric divisions of radial glia is critical for balancing appropriate neuronal production with progenitor maintenance [2] [3] [4] . Once born, new neurons use the radial processes of radial glia as permissive and instructive scaffolding for oriented migration toward their target locations. Polarized radial glia in essence provide an instructive structural matrix to coordinate the generation and placement of distinct groups of cortical neurons in the developing cerebral cortex 1, [5] [6] [7] [8] .
The initial establishment of apical-basal polarity of radial glial cells is an essential step in the orderly unfolding of cerebral cortical organization. In mice, between embryonic days 9 and 12 (E9 and E12), an undifferentiated sheet of neuroepithelial cells in the telencephalic vesicles transforms into radial progenitors. During this transformation, the pseudostratified neuroepithelial cells stop their interkinetic nuclear migration, which spans their entire apical-basal axis, begin to express specific radial progenitor markers (for example, BLBP, Glast and vimentin) and initiate a restricted pattern of basal-apical interkinetic nuclear movement (INM) limited to the boundaries of the ventricular zone. Notably, the cell soma of radial progenitors remain apically positioned in the ventricular zone, with a long basal process extending toward the pial surface, thereby enabling the orderly generation and guidance of new neurons in the cerebral cortex. In spite of its importance for the proper unfolding of cortical development, little is known about what determines the initial emergence of apical-basal polarity of the radial glial scaffold in the developing cerebral cortex.
Primary cilia, the microtubule-based, slender projections from cells, are always localized to the apical region of a radial glial cell. The importance of cilia function for cerebral cortical development and function is evident in developmental brain disorders such as Joubert, Meckel-Gruber, orofaciodigital and Bardet-Biedl syndromes (commonly referred to as ciliopathies), where disrupted cilia function and the resulting changes in cortical formation may underlie cognitive deficits and intellectual disability [9] [10] [11] [12] [13] [14] [15] [16] . Mouse mutations that affect ciliogenesis also lead to hydrocephalus, disruptions in neurogenesis and brain tumor formation 9, 12, [17] [18] [19] [20] [21] [22] [23] [24] . Primary cilia, unique in their ability to function as sensors and conveyors of critical signals in a complex environment, may have a guiding role in the establishment of apical-basal polarity of the radial glial scaffold.
To examine this hypothesis, we used a mouse genetic model in which cilia are present, but their function is impaired. Arl13b, a small GTPase of the Arf/Arl family that is mutated in Joubert syndrome, is specifically localized to cilia and controls the microtubule-based, ciliary axoneme structure 10, 25 . Deletion of Arl13b impairs a cilium's ability to convey critical extracellular signals such as Sonic hedgehog (Shh) 25 . This provided us with a unique entry point for understanding the role of cilia in a r t I C l e S radial progenitor development because, in contrast with most cilia null mutants (for example, intraflagellar transport (IFT) complex B mutants) that ablate cilia formation and all related biological signaling [11] [12] [13] [14] [15] [16] 20 , Arl13b mutants impair, but do not destroy, cilia and their downstream pathways. Thus, genetic manipulation of Arl13b function provides an efficient model for disrupting the signaling functions of cilia and assaying the resultant effect. By conditionally deleting Arl13b at distinct stages of cortical progenitor development, we found that primary cilia activity involving Arl13b was necessary for the initial establishment of the apical-basal polarity of the radial glial scaffold. Loss of Arl13b and the resultant loss of cilia function led to a reversal of the apical-basal polarity of radial progenitors in the developing cerebral wall. As a result, the laminar organization of neurons in cerebral cortex was markedly disrupted. These findings indicate that primary cilia activity is essential for the initial establishment of a properly polarized radial glial scaffold, which is necessary for constructing a normal cerebral cortex.
RESULTS

Arl13b expression and function in radial progenitor organization
To map the expression of Arl13b in neuroepithelial cells and developing radial glia, we immunolabeled E9 telencephalic neuroepithelium (Fig. 1a,b ) and radial progenitors ( Fig. 1c-f ) from E14 telencephalon with antibody to Arl13b. Arl13b expression was localized to the primary cilium of both neuroepithelial and radial progenitor cells (Fig. 1) . In radial progenitors, Arl13b + cilia were always found in the apical, cell soma domains of these cells (Fig. 1f) . Furthermore, intermediate progenitors derived from radial glial cells also displayed primary cilia (Fig. 1d,f) .
Mutations in Arl13b disrupt the ciliary microtubule organization and the ability of cilia to function as conveyors of critical extracellular signals. To determine whether Arl13b is involved in the emergence of apical-basal polarity of the radial glia scaffold, we first examined the radial glial organization in mutant mice carrying a null allele of Arl13b, Arl13b hnn (ref. 25) . The apicalbasal polarity of the developing radial glial scaffold was markedly perturbed in Arl13b hnn/hnn embryos. The soma of radial glia were ectopically located near the pial surface, instead of adjacent to the ventricle (Fig. 2) , whereas their neuronal progeny were aberrantly placed near the ventricular surface ( Fig. 3 and Supplementary Fig. 1 ). Glial endfeet-like structures were evident near the ventricular surface in mutants, instead of adjacent to the pial surface ( Fig. 4a-d) . Although pial membrane was present, it was often discontinuous, and segments were seen on the opposite surface of the cerebral wall (Fig. 4e,f) . Reelin localization was also reversed in the mutants (Fig. 4g,h) . Furthermore, the normal apical enrichment of markers, such as β-catenin (Ctnnb1), in radial progenitors was disrupted in mutants; β-catenin was distributed aberrantly near the pial surface (Fig. 4i,j) . And defined localization of pericentrin, a centrosome marker, in the apical aspects of radial progenitors at the ventricular surface was lost in Arl13b mutants (Fig. 4k,l) . The deletion of Arl13b also disrupted the formation of adherens junctions and the localization of Numb to the apical endfeet (Fig. 4m-p) . The apical enrichment of Numb was deregulated in Arl13b mutant progenitors (Fig. 4m,n) . Finally, N-cadherin localized randomly in the mutants, instead of at apical adherens junctions (Fig. 4o,p) . These observations suggest that primary cilia dysfunction in Arl13b hnn mutants disrupts the emergence of appropriate apico-basal radial glial polarity.
Neuroepithelial cells undergo INM throughout the apico-basal extent of the neuroepithelial layer as they transform into polarized radial progenitors. Normal patterns of INM result in the apical localization of phosphorylated histone H3-positive (PH3 + ) M-phase radial progenitors in the wild-type telencephalon. The misplacement of PH3 + progenitors toward the basal surface in Arl13b mutant telencephalon that we observed (Fig. 2c-f) indicates that disrupted INM may have contributed to the aberrant radial progenitor organization in Arl13b mutants. Arl13b-deficient radial progenitors ectopically divided at or near the pial surface, instead of adjacent to the ventricular surface ( Fig. 2c-f) .
Because radial progenitors actively proliferate and support the migration of their neuronal progeny, we asked how the disrupted polarity in Arl13b mutants might affect the dual function of radial glia as neural precursors and migratory guides of newly generated neurons. Given that new neurons resulting from radial glial division are guided to distinct laminar positions in the developing cortex, we next examined neuronal migration and positioning in Arl13b hnn mice. Analysis of newly generated cortical neurons with different neuron-specific npg a r t I C l e S markers revealed marked disruption of neuronal organization ( Fig. 3 and Supplementary Fig. 1 ). In control cortices, immunolabeling of different newly generated cortical neurons with Tuj-1 and antibodies to calretinin, reelin or Tbr1 revealed that they migrated normally and were positioned appropriately in the emerging cortical plate; however, neuronal migration to distinct laminar positions was completely disrupted in the mutants ( Fig. 3 and Supplementary Fig. 1 ). Arl13b mutants had enlarged lateral ventricles, but a thin, distinguishable midline was present (Supplementary Fig. 1 ). Corresponding to the reversed apical-basal polarity of radial progenitors, mutant neurons were ectopically placed near the ventricular surface. These neurons often formed tuber-like clusters in the developing cerebral wall ( Fig. 3b-f) . The disrupted polarity in Arl13b mutant radial glial scaffold likely affected the subsequent migration and positioning of these cortical neurons. Axial magnetic resonance imaging scans through the embryos further illustrated the perturbation in normal cerebral cortical structural organization resulting from Arl13b deletion ( Supplementary Fig. 2 and Supplementary Movies 1 and 2).
Primary cilia affects the development of radial glia
To further define the role of primary cilia function in the formation and function of the polarized radial glial scaffold, we conditionally inactivated Arl13b at three developmental stages: just before the formation of radial glia from neuroepithelial cells (at E9, using Cre recombinase expression driven by a Foxg1 promoter (Foxg1-Cre)), when the radial glial population was actively expanding (at E10.5, using Nes (Nestin)-Cre), and when radial progenitors were actively differentiating to generate and guide new neurons (at E13.5, (e,f) Co-immunolabeling of E13 wild-type (e) and mutant (f) cortices with radial progenitor-specific RC2 antibodies (red) and the early generated, deeper layer neuronal marker Tbr1 (green) further illustrated the disrupted radial progenitor scaffold formation (arrowhead, f) and ectopic neuronal placement (asterisk, f) in Arl13b mutant cortex (f). Sections shown in a-d were nuclear counterstained (blue) with DRAQ5. Pial (P) and ventricular surface (V) are indicated. Images shown are representative examples from analysis of ten control and ten mutant embryos. Scale bar in f applies to all panels and represents 275 µm (a-d) and 130 µm (e,f).
a r t I C l e S using human GFAP-Cre; Supplementary Fig. 3a) . To do this, we crossed mice with a loxP-flanked Arl13b allele (Arl13b loxP/loxP ) with Arl13b +/hnn mice heterozygous for the respective Cre allele [26] [27] [28] .
We verified the loss of Arl13b signal in progenitors following Cremediated recombination in these lines on a cell-by-cell basis using immunolabeling with an antibody to Arl13b ( Supplementary  Fig. 3b ,c,e,f,h,i). We further confirmed this by immunoblot of whole brain lysates showing a reduction in Arl13b following Cre-mediated recombination of loxP-flanked Arl13b allele ( Supplementary  Fig. 3d,g,j,k) . In Arl13b loxP/hnn ; Foxg1-Cre mice, where deletion is initiated at E9 in the neuroepithelium, we found abnormal organization of the radial glial scaffold. Radial progenitors formed, but their apical-basal polarity was lost (Fig. 5a,b) . As a result, neuronal positioning and layer formation was also perturbed in these mice ( Fig. 5c-h) . Furthermore, other brain structures, such as the hippocampus, where radial progenitor polarity is essential for its Compared with the wild-type pia (e, arrow), mutant (f, arrow) pia was discontinuous and misplaced. Normal cortical covering by pial membrane (arrowhead) is shown in e (inset), whereas mutant pia (arrowhead, f, inset) was discontinuous and was often found on the opposite side of the cerebral wall. (g-p) Altered apical-basal organization of the cerebral cortex in mutants. Reelin + Cajal-Retzius neurons were normally found at the top of the cortex in layer 1 (asterisk, g). In contrast, they were localized to the apical surface (asterisk, h), near the ventricles, in mutants. Antibody to β-catenin prominently labeled the apical surface of progenitors (arrowhead, i), adjacent to the ventricles in wild-type cortex. In contrast, β-catenin labeling was evident in the opposite, basal surface (arrowhead, j) in mutants. Furthermore, apical localizations of pericentrin (k), Numb (m) and N-cadherin (o) were disrupted in mutants (l,n,p; compare arrowheads). P, pial surface; V, ventricular surface. Images are representative examples from analysis of seven control and seven mutant embryos. Scale bar in p applies to all panels and represents 17 µm (a-d), 110 µm (e,f), 190 µm (g,i), 300 µm (h,j), 60 µm (k,l) and 30 µm (m-p). (Fig. 5i,j) .
To examine whether Arl13b-regulated primary cilia activity after the formation of the polarized radial glial scaffold is necessary for the ongoing maintenance of radial glial polarity, we used either Nestin-Cre or GFAP-Cre to inactivate Arl13b. Nestin-Cre initiated deletion at E10.5, soon after the initial establishment of radial progenitors, whereas GFAP-Cre began to delete Arl13b at E13.5, well after the formation of polarized radial glial scaffold. We found that radial progenitor organization was normal in both Arl13b loxP/hnn ; Nestin-Cre and Arl13b loxP/hnn ; GFAP-Cre brains (Fig. 5k-n) , indicating that disruption of primary cilia function, via the deletion of Arl13b, is not necessary to maintain the polarized organization of radial progenitors once it is formed.
To further confirm the requirement for Arl13b in the initial formation and organization of radial glial scaffold, we combined a tamoxifen-inducible Cre line, CAGGCre ERTM , with the loxP-flanked Arl13b allele and injected the pregnant dams with tamoxifen to control the timing of Arl13b deletion in the embryos 29 . We deleted Arl13b from E6.5 and analyzed the telencephalic neuroepithelium at E9.5 ( Supplementary Fig. 4c-g ). E6.5 injection deleted Arl13b in neuroepithelial cells before the formation of radial progenitors. Deletion of Arl13b was confirmed as before with immunohistochemical and immunoblot analysis (Supplementary Fig. 4e,f,i) . Early loss of Arl13b did not affect neuroepithelial organization at E9.5 ( Supplementary Fig. 4) . Consistently, telencephalic neuroepithelial organization in E9.5 Arl13b hnn/hnn mutants was similar that observed in wild type (Supplementary Fig. 4a,b) . To examine the effect of Arl13b deletion after the formation of radial glia, we deleted npg a r t I C l e S Arl13b from E10.5 mice and analyzed the radial glial scaffold at E12.5 ( Supplementary Fig. 4g ,h,j). As with the observations made earlier with different Nestin-Cre and GFAP-Cre lines, deletion of Arl13b after the formation of radial glia did not affect the organization of the radial glial scaffold. Finally, we also deleted Arl13b from E6.5 embryos and analyzed radial glial scaffold at E14. This early deletion of Arl13b in neuroepithelium led to the disruption of polarized radial glial scaffold formation and cortical neuronal organization, similar to that observed in Arl13b hnn/hnn mutants ( Supplementary Fig. 4m-u) . Radial glial polarity was reversed and, consequently, neuronal laminar formation was disrupted and neurons formed ectopic tuber-like clusters in the cerebral wall ( Supplementary Fig. 4m-r) . Together, the neuroepithelial-and radial progenitor-specific inactivation of Arl13b at different developmental stages suggests that Arl13b-mediated primary cilia function is critical for the initial establishment of the apical-basal polarity in cortical radial progenitors.
Altered dynamics of cilia in Arl13b mutant progenitors
To assess the cell biological basis of the disrupted apico-basal polarity of radial glial scaffolding in Arl13b hnn mutants, we first performed real-time observations of primary cilia activity in radial progenitors in the embryonic cortex. We labeled primary cilia in radial progenitors by electroporating a construct encoding a ciliary serotonin receptor fused to GFP, 5Htr6-GFP, and live-imaged GFP + cilia activity in radial progenitors. These live-imaging observations revealed that primary cilia in wild-type progenitors extended, retracted, branched and remodeled in the ventricular zone (Fig. 6a, Supplementary Fig. 5 and Supplementary Movies 3-5) . Furthermore, inter-cilia contacts between adjacent progenitors were also evident (Supplementary  Movie 3) . In contrast, primary cilia of Arl13b-deficient radial progenitors were shorter and did not actively remodel ( Fig. 6b and Supplementary Movie 6). To complement the real-time imaging of radial progenitor primary cilia activity in the ventricular zone, we also measured cilia orientation and length in fixed tissue. In wild-type radial progenitors, the average length of primary cilia was 3.45 ± 0.27 µm (number of cilia = 30), and, at any point in time, a majority of them were oriented toward the ventricular surface ( Supplementary  Fig. 5e,f) . In contrast, Arl13b deletion resulted in substantially shorter primary cilia (average length = 1.51 ± 0.11 µm, number of cilia = 30) with disrupted morphological plasticity ( Fig. 6 and Supplementary  Movie 4) . Quantification of changes in cilia length, angle of cilia tip rotation and number of branching events per hour revealed the dynamism of cilia activity in Arl13 mutants was disrupted (changes in cilia length: wild type, 2.37 ± 0.49 µm; mutant, 0.3 ± 0.1 µm; angle of tip rotation: wild type, 30.26 ± 7.17°; mutant, 12.4 ± 4.65°; branching index: wild type, 0.4 ± 0.19; mutant, 0; number of cilia per group = 16; mean ± s.e.m., P < 0.05, unpaired, two-tailed Student's t test). Dynamism of cilia morphology indicates changes in cilia signaling 30, 31 . A plausible mechanism behind the disrupted dynamics of primary cilia is the abnormal ciliary signaling and distribution of critical signaling receptors needed to sense extrinsic cues vital for radial progenitor development. For example, the localization of apical complex receptors, such as type 1 Igf receptor (IgfR1), is required for the appropriate sensing of diffusible cerebrospinal fluid (CSF)-borne signals that are critical for the early development of radial progenitors 32 . We found that apical localization of IgfR1 was notably disrupted in Arl13b mutants (Fig. 7a,b) . IgfR1 was localized to progenitor primary cilia, and the activation of IgfR signaling in cilia normally resulted in the accumulation of several downstream, direct signaling targets of IgfR1 (for example, phosphorylated Akt and phosphorylated insulin receptor substrate 1, IRS-1) 33, 34 at the base of the cilium (Fig. 7c-j) . The ciliary localization of these downstream signaling targets was altered in Arl13b mutants, but was rescued by reexpression of Arl13b (Fig. 7c-j) . Together, these observations suggest that Arl13b-deficient cortical progenitor cilia are unable to undergo the characteristic remodeling and orientation, as well as the appropriate ciliary signaling, needed to form a normal apico-basally polarized radial glial scaffold in the developing cerebral cortex.
DISCUSSION
Formation of radial glia is the first step in the construction of the cerebral cortex. Appropriately polarized radial glia provide an instructive scaffold for coordinating the generation and placement of distinct groups of cortical neurons in the developing cerebral cortex. We found that primary cilia activities regulated by Arl13b are essential for the formation of the apical-basal polarized radial progenitor scaffold. Arl13b inactivation resulted in cilia that were npg a r t I C l e S defective in their ability to respond to critical extracellular signals. Arl13b signaling therefore provides a unique avenue for examining the mechanisms that modulate primary cilia function in cortical progenitors and their contribution to the formation of cerebral cortex. To define the role of Arl13b in the formation and differentiation of radial glia, we conditionally inactivated Arl13b at three distinct developmental time points: just before the formation of radial glia from neuroepithelial cells (E9), when the radial glial population was actively expanding (E10.5), and when radial progenitors were actively differentiating to generate neurons (E13.5 onwards). Early deletion of Arl13b in neuroepithelial cells led to a marked disruption of normal radial glial scaffold formation. Instead of a radial glial grid with soma localized to the apical end of the developing cerebral wall, adjacent to the ventricles, the apical-basal polarity of Arl13b-deficient radial progenitors was markedly altered (Figs. 2-5) . Progenitors divided on the basal end, adjacent to the pial surface, and neurons migrated aberrantly inwards, leading to bulb-like ectopia and a complete lack of neuronal laminar organization (Fig. 3) . Conditional inactivation of Arl13b in telencephalic neuroepithelial cells in Arl13b loxP/hnn ; Foxg1-Cre mice also led to apical-basal polarity defects. However, conditional deletion of Arl13b activities in primary cilia following the formation of polarized radial progenitors in Arl13b loxP/hnn ; Nestin-Cre or Arl13b loxP/hnn ; GFAP-Cre mice did not affect their organization. Although radial progenitor polarity was perturbed in both Arl13b hnn/hnn and Arl13b loxP/hnn ; Foxg1-Cre mice, additional differences in radial progenitor disruptions between Arl13b hnn/hnn and Arl13b loxP/hnn ; Foxg1-Cre mice (for example, the formation of convoluted collections of radial progenitors in Foxg1-Cre mice; Fig. 5b ) require further exploration. Together, these observations suggest that Arl13b-mediated primary cilia activity in neuroepithelial cells is essential for the appropriate formation of radial progenitor scaffold in the developing cerebral cortex. CAGG-Cre-induced deletion of Arl13b at different stages of telencephalic development ( Supplementary Fig. 4 ) further supports this conclusion.
Disrupted radial progenitor development in Arl13b mutants underlies the aberrant formation of cortex and neuronal heterotopias. Using neuron-specific inactivation of Arl13b, we found that neuronal disruption of Arl13b did not lead to heterotopia. Given that deletion of Arl13b in newborn, radially migrating projection neurons does not affect their migration or layer formation 35 , disrupted Arl13b activities in progenitors in Arl13b mutants exert a substantial effect on the eventual organization of the cerebral cortex.
Live-imaging indicates that primary cilia of cortical progenitors are dynamic, reflecting their ability to probe their environment for important signals. The dynamism of cilia activity in progenitors suggests that cilia are likely to function as sensors of critical signals in the complex telencephalic environment [12] [13] [14] 20, 35, 36 . Primary cilia actively relocalized in the apical processes or cell soma (Fig. 6, Supplementary  Fig. 5 and Supplementary Movies 3-5) . As they relocalized, they also extended, retracted or branched, and made contacts with adjacent cilia (Supplementary Movies 3 and 5) . Deletion of Arl13b disrupts these activities and suggests that Arl13b's role is in primary cilia. Recent studies have shown that remodeling of cilia morphology is reflective of changes in cilia signaling 30, 31, 35 . Accordingly, Arl13b-deficient cilia appeared to be compromised in their IgfR1 signaling functions (Fig. 7) . In addition, imaging of the localization of critical signaling molecules, such as Smoothened (Smo), indicates that, following Arl13b deletion, localization of these molecules in the primary cilium is altered 37, 38 . Furthermore, any changes in the cellular positioning of primary cilia may also compromise the progression of progenitor differentiation 39 .
As neuroepithelial cells undergo INM throughout the apico-basal extent of the neuroepithelial layer, before transformation into radial progenitors, disruption of cilia activities in Arl13b mutants may have perturbed their ability to sense and respond appropriately to the environmental signals necessary for the neuroepithelial-radial progenitor transformation 40 . Thus, in combination, the altered signaling capabilities and the disrupted plasticity of Arl13b hnn mutant primary cilium are likely to have rendered it incapable of processing critical signals essential for establishing the apical-basal polarity of radial progenitors. For example, recent studies have shown that diffusible CSF signals presented to the apical surfaces of cortical progenitors are essential for organizing the apical domain of cortical progenitors 32 . The primary cilium is likely to be an important sensor of these signals, and disruption of primary cilium in Arl13b mutants may have led to an inability to sense and process such signals, resulting in the loss of apical-basal polarity in Arl13b mutants. Consistently, Igf1R localization in the apical domain of progenitors, necessary to generate and maintain apical progenitor polarity via CSF-borne Igf ligands 32 , is lost in Arl13b mutants.
Although the polarity was altered, radial progenitors continued to divide and generate new intermediate precursors and neurons from the apical surface; however, these neurons appeared to be unable to migrate and organize themselves into layers. They migrated away from the radial progenitor cell soma region toward the ventricular surface, but they often collected in large undefined tuber-like ectopias (Fig. 2) . These observations suggest that, even with disrupted polarity, neurogenesis could proceed to some extent, yet the oriented migration and laminar organization of neurons rely on the appropriately polarized radial glia scaffold.
Signals derived from meninges are known to be essential for some of the critical initial steps of corticogenesis, such as radial glial endfeet formation and the invasion of layer 1 Cajal-Retzius cells into the cerebral wall 41 . Notably, in spite of malformed, mislocalized pial membrane in Arl13b mutants, radial glial cell endfeet formed, and the migration of reelin + Cajal-Retzius cells into the cerebral wall occurred (albeit aberrantly), suggesting that meninges-independent mechanisms may also influence these developmental landmark events in the cerebral cortex.
Three separate mutations in either the GTP-binding domain or the coiled-coil region of Arl13b have been linked to Joubert syndrome 10 . Patients with Joubert syndrome often display cognitive impairments indicative of disrupted cortical development. The molar tooth sign of malformed superior cerebellar peduncles and cerebellar malformations are the main magnetic resonance imaging-based diagnostic features of Joubert syndrome. Other changes, such as periventricular heterotopias, hippocampal malformation, temporal lobe hypoplasia and enlarged ventricles, are also seen in some patients 42 . Expression of human Arl13b mutations in a cell type-specific manner in different Arl13b null neural cells will help to determine the relevance of Joubert-causing mutations to the variety of patient brain phenotypes observed. Although the developmental effects of the mutations identified in human Joubert syndrome remain to be fully elucidated, the analysis of Arl13b-related primary cilia function in cortical progenitors suggests that disruptions in the early organization of radial progenitor scaffold in ciliopathies and the resultant changes in the functional organization of neurons may contribute to the brain structure and cognitive deficits seen in these disorders.
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